Although much attention has been paid to the removal of hormones from sera and to the development of serum-free media for studies on hormone-responsive cells in culture, little consideration has been given to the possibility that the media components themselves may have hormonal activity. We have found that phenol red, which bears a structural resemblance to some nonsteroidal estrogens and which is used ubiquitously as a pH indicator in tissue culture media, has significant estrogenic activity at the concentrations (1545 IAM) at which it is found in tissue culture media. Phenol red binds to the estrogen receptor of MCF-7 human breast cancer cells with an affinity 0.001% that of estradiol (Kd = 2 x 10-S M). It stimulates the proliferation of estrogen receptor-positive MCF-7 breast cancer cells in a dose-dependent manner but has no effect on the growth of estrogen receptor-negative MDA-MB-231 breast cancer cells. At the concentrations present in tissue culture media, phenol red causes partial estrogenic stimulation, increasing cell number to 200% and progesterone receptor content to 300% of that found for cells grown in phenol red-free media, thereby reducing the degree to which exogenous estrogen is able to stimulate responses. The antiestrogens tamoxifen and hydroxytamoxifen inhibit cell proliferation below the control level only when cells are grown in the presence of phenol red; in the absence of phenol red, the antiestrogens do not suppress growth. The estrogenic activity of phenol red should be considered in any studies that utilize estrogen-responsive cells in culture.
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There has been a great interest in understanding the mechanisms by which hormones affect cell proliferation and protein synthesis. Cell culture systems have played a prominent role in these analyses, since they enable responses to be monitored under carefully controlled conditions of hormone exposure (1, 2) . Of the sex steroid hormones, estrogens are well known to stimulate a variety of biosynthetic processes in hormone-responsive target cells, such as those of the breast and uterus (3) (4) (5) .
In studies evaluating hormone action in cultured cells, researchers have gone to great lengths to eliminate sources of estrogens from sera used in cell cultures so that they have cells in an unstimulated state (6) (7) (8) , and considerable efforts also have been applied towards the development of serumfree media (9, 10) . However, little attention has been paid to components of the cell culture media themselves that might have hormonal activity.
In our studies aimed at understanding estrogen and antiestrogen action in estrogen-responsive cells, we have been struck by the curious observation that antiestrogens suppress growth below that of control cells in the apparent absence of estrogens (6, 11) , suggesting that this growth suppression might be mediated by an estrogen-noncompetitive process ( [11] [12] [13] [14] or that cells in the control media might be inadvertently exposed to an estrogenic stimulus.
In examining the potential sources of estrogenic activity in the culture media, we noted that phenol red, the commonly used pH indicator in tissue culture media, bears some structural resemblance to certain nonsteroidal estrogens (Fig. 1) . As reported here, we find that phenol red is an estrogen and that, at the concentrations found in tissue culture media, it causes significant stimulation of cell proliferation and specific protein synthesis in estrogen-responsive cells. In addition, the antiestrogen suppression of cell proliferation under "control" conditions can be accounted for by the suppression of the phenol red-stimulated activity. supplemented as for MCF-7 cells plus glutathione (16 mg/i) and 5% calf serum (11) . They were grown in the presence of 5% dextran-coated charcoal-treated calf serum for 2 weeks before use in cell proliferation experiments.
MATERIALS AND METHODS
Cell Proliferation Experiments. To determine the effect of phenol red on cell proliferation, MCF-7 cells grown for 1 week before experiments in phenol red-free MEM supplemented as described above were harvested and seeded into cells from three flasks were harvested and counted with a Coulter Counter. Then the medium was changed to phenol red-and insulin-free MEM, which contained various concentrations of dextran-coated charcoal-treated calf serum, phenol red, tamoxifen, hydroxytamoxifen, estradiol, or ethanol vehicle (0.1%), and cell number was monitored as a function of time.
Preparation of Cytosol and Nuclear Extracts and Receptor
Assays. Receptor preparations were made as described (6, 15) , and the hydroxylapatite assay was used to determine the estrogen and progesterone receptor content of the cell extracts (6) .
RESULTS

Binding Affinity of Phenol Red for the MCF-7 Estrogen
Receptor. The binding affinity of phenol red, estradiol, and tamoxifen for the cytosol (180,000 x g for 30 min) MCF-7 estrogen receptor was determined by competitive binding analysis. Comparison of the concentrations needed to produce a 50%o decrease in the specific binding of tritiated estradiol (Fig. 2) indicates that phenol red has an affinity 0.001% that of estradiol. Since under these conditions, estradiol has an equilibrium dissociation constant (Kd) of 2 x 10-10 M, the relative affinity of phenol red suggests a Kd of approximately 2 x 10-5 M. Although this affinity is low, the concentration ofphenol red in the tissue culture medium used in culturing MCF-7 cells is very high, 30 ,uM.
Effect of Phenol Red on MCF-7 Cell Proliferation. To determine the effect of phenol red on cell proliferation, we measured the rate ofproliferation of MCF-7 cells in complete medium ("regular MEM"), in medium lacking phenol red (phenol red-free MEM), and in phenol red-free MEM to which 30 AuM phenol red was added. For each of these media, proliferation rate was determined at four different concentrations of steroid-stripped (treated with dextran-coated charcoal) calf serum, since serum is known to alter the rate of MCF-7 cell proliferation (8, (16) (17) (18) (Fig. 3) .
In complete medium (regular MEM), which contains 30 ,uM phenol red, cell proliferation rate was highest at low serum concentration and was substantially reduced at the highest concentration of serum (20%6). When phenol red was omitted from the medium (phenol red-free MEM), the rate of cell proliferation was significantly decreased at all serum concentrations, relative to the corresponding rate in regular MEM. As expected, addition of 30 uM phenol red to the phenol red-free MEM media resulted in a restoration of proliferation rate to that seen in cells grown in the regular MEM medium, confirming that phenol red was the sole agent responsible for the accelerated growth rate. A serum concentration of 5% was selected for the next experiments. Fig. 4 shows the dose-response effect of phenol red on MCF-7 cell proliferation. Phenol red stimulated the cell proliferation in a dose-dependent manner: 3 ILM slightly increased the cell number versus control, and 30 pLM phenol red was able to increase the cell number to about 200% of control, which was slightly below the maximum stimulation observed with 100 and 300 ,uM. Stimulation of the Cellular Progesterone Receptor Levels by Phenol Red. Since progesterone receptor is an estrogenstimulated protein (15, 19) , we examined the effect of phenol red on progesterone receptor levels in MCF-7 cells. Basal progesterone receptor level was 3 times higher in control cells grown in medium containing 30 ,uM phenol red than in control cells grown in phenol red-free MEM (Table 1 ). Cells treated with 1 nM estradiol exhibited the same high level of progesterone receptor, regardless of whether phenol red was absent or present. Because of the differing control levels of progesterone receptor, the magnitude of the estradiol-stimulated induction of progesterone receptors was about 550% of Effect of Estrogen and Antiestrogens on MCF-7 Cell Proliferation in the Absence and Presence of Phenol Red. Since phenol red was shown to stimulate cell proliferation, we investigated the effect of estradiol and the antiestrogens tamoxifen and hydroxytamoxifen on cell proliferation in the absence or presence of 30 uM phenol red. As previously found (cf. Fig. 3 ), 30 jLM phenol red increased the cell number to 200% of the phenol red-free control (Fig. 5, control levels) . Estradiol (0.1-10 nM) increased the cell number to the same level with or without phenol red (Fig. 5, +E2 data points) . The percentage of estradiol-stimulation versus control was about 300% for cells grown in phenol red-free medium but only 130% in the presence of phenol red, because of the higher control level.
In the presence of phenol red (Fig. SB) , tamoxifen ( (Fig. 5A) , neither of the antiestrogens inhibited cell growth to below that of the control. In fact, the lowest concentration of each antiestrogen appeared to cause a slight stimulation of cell proliferation. And, when tamoxifen (1 ,uM) was administered with estradiol (1 nM), tamoxifen inhibited estradiol-stimulated proliferation to the control level. In addition, it is of note that the level of suppression of control cell growth by antiestrogens when the cells were growing in the presence ofphenol red is equivalent to the control growth rate obtained in the absence of phenol red. These results firmly suggest that antiestrogens only antagonize the phenol red-and E2-stimulated cell proliferation, so that in the absence of estrogenic stimulation (phenol red-free, without estradiol), no growth suppression is observed with antiestrogens. Effect of Phenol Red on Estrogen Receptor-Negative MDA-MB-231 Breast Cancer Cells. In order to confirm the estrogen receptor-mediated effect of phenol red, we examined the effect of 30 ,LM phenol red on MDA-MB-231 cells, which do not contain estrogen receptors and are reported to be estrogen-and antiestrogen-unresponsive (11, 20) . Fig. 6 shows that these cells grew at the same rate in the presence and absence of phenol red (30 ,uM) (5, 6, 20, 23, 24) . Although phenol red affects MCF-7 cell growth rate, it is clear that serum factors also modulate growth (8, (16) (17) (18) (Fig. 3) .
It has been a curious observation that significant levels of estrogen-induced protein and RNA species are observed in cells grown under "control" conditions and that in some cases these "basal" levels, assumed to be estrogen independent, are decreased by antiestrogen treatment (6, (23) (24) (25) (26) (27) . Our finding that cells grown in the presence of phenol red are significantly estrogen-stimulated may account for the basal level of these estrogen-inducible species in "control" cells.
In this regard, it is well known that antiestrogens inhibit estrogen-stimulated cell proliferation and that this effect is estrogen receptor-mediated (4, 6, 11, 20, 28, 29 In our study, the results obtained in the presence of phenol red do not differ from these earlier findings: antiestrogens inhibited both estradiol-stimulated and control cell growth. However, in the absence of phenol red, antiestrogens inhibited estradiol-stimulated cell proliferation to the control level but did not decrease the growth of untreated, control cells. These results suggest that the growth-inhibitory effect of antiestrogens observed in the presence of phenol red is only due to the inhibition of the phenol red-stimulated cell proliferation. Our findings are in accord with studies performed in nude mice (31) in which antiestrogens inhibit estradiolstimulated growth of tumors obtained by MCF-7 inoculation but do not alone lead to their regression.
The fact that MCF-7 cells grown in the presence of phenol red are already partially estrogen-stimulated, makes this system insensitive for assaying possible weak agonistic effects that may be demonstrated by antiestrogens under certain circumstances. Indeed, in the absence of phenol red, we do detect (Fig. 5) a very weak agonistic, growthstimulatory effect of the antiestrogens tamoxifen and hydroxytamoxifen, but only at low concentrations. This in vitro observation appears to be consistent with some reports of weak stimulatory effects of tamoxifen on human tumor proliferation in nude mice (29, (31) (32) (33) .
Our data clearly indicate that phenol red, ubiquitously used in tissue culture media, is significantly estrogenic and influences the evaluation of the effects of estrogens and antiestrogens on cell proliferation and protein synthesis. Its presence affects the basal level of hormone-stimulated responses and likewise the degree to which exogenous estrogen is able to stimulate these responses above the basal level. This activity of phenol red should clearly be considered in any studies utilizing estrogen-responsive cells.
